Introduction
============

The reconstruction of large-sized bone defects, caused by trauma, infection or tumor ablative surgery, remains a significant clinical challenge and the existing approaches exhibit multiple drawbacks including donor site morbidity, lack of sufficient autografts, risk of disease transmission and immune rejection ([@b1-mmr-20-01-0664],[@b2-mmr-20-01-0664]). In the past few years a tremendous effort has been made to improve bone tissue engineering methods to overcome problems associated with existing grafts ([@b1-mmr-20-01-0664]--[@b3-mmr-20-01-0664]). It is well known that stem cells, especially mesenchymal stem cells (MSCs), have been used for bone tissue engineering for a considerable amount of time and bone mesenchymal stem cells (BMSCs) have been extensively investigated ([@b3-mmr-20-01-0664],[@b4-mmr-20-01-0664]). BMSCs can differentiate into adipocytes, chondrocytes and osteocytes in different microenvironments and the appropriate stimuli could enhance their ability of targeted differentiation ([@b5-mmr-20-01-0664],[@b6-mmr-20-01-0664]). However, the lineage commitment of BMSCs is a tightly regulated and well-orchestrated complex event, which has limited its clinical applications.

Multiple efforts have been devoted to modulate the microenvironment supporting BMSC osteogenic differentiation, including material surface functionalization by ECM analogues, drug or growth factor administration, and sustained release of bioactive molecules by gene modification, in which the well-controlled ROS generation has been revealed to play an important role ([@b7-mmr-20-01-0664]--[@b10-mmr-20-01-0664]). Substance P (SP), released predominantly by the peripheral terminal, is a conserved undecapeptide and a member of the tachykinin peptide family that acts as a sensory neurotransmitter and neuromodulator. Similar to growth factors, increasing studies have demonstrated that neuropeptides are critical for maintaining tissue homeostasis, including SP ([@b11-mmr-20-01-0664],[@b12-mmr-20-01-0664]). Autophagy, an intracellular degradation and adaptive system, was confirmed to play important roles in regulating intercellular ROS levels and promoting neuropeptide function ([@b13-mmr-20-01-0664],[@b14-mmr-20-01-0664]). However, whether the interaction of SP and autophagy exists in regulating the differentiation fate of BMSCs remains elusive.

In the present study, the profile of ROS generation and autophagic activation was examined during BMSC osteogenic differentiation and their roles in SP-promoted BMSC osteogenic differentiation were further investigated. The results demonstrated that both ROS level and autophagic activity were increased with osteogenic induction. Furthermore, autophagic activity played an important role in restricting the excessive ROS generation mediating SP-enhanced BMSC osteogenic differentiation.

Materials and methods
=====================

### Isolation and culture of rat BMSCs

All animal experiments in this study were conducted in accordance with the Guidelines for Animal Experimentation and approved by the Ethics Committee of Xiangyang Central Hospital. BMSCs were harvested from femora and tibiae of Sprague-Dawley rats (six male, three months old, average weight 300 g), purchased from the Laboratory Animal Center of Huazhong University of Science and Technology (Wuhan, China). The rats had *ad libitum* access to food and autoclaved water, and were housed at a constant temperature (22--24°C), with 55% relative humidity, and a 12-h light/dark cycle. All efforts were made to minimize suffering and distress in this study. After being sacrificed by cervical dislocation (six male), the rats were soaked in 75% alcohol for 5 min and the femora and tibiae were separated and the connective tissue was removed. After cutting off both ends of the bones, the bone marrow was flushed out from medullary cavities by a syringe into complete culture media that consisted of Dulbecco\'s modified Eagle\'s medium with F12 nutrient mixture with 15% fetal bovine serum (FBS; both from Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin/streptomycin (Invitrogen; Thermo Fisher Scientific, Inc.). The bone marrow suspension was then plated in 25 cm culture bottles. The medium was changed every 2--3 days and cells were passaged when 80% confluent.

### BMSC identification and osteogenic differentiation

After the second passage, the cells were collected and identified using fluorescently-labeled antibodies for BMSC markers: Allophycocyanin-conjugated CD29 (cat. no. 102225; BioLegend, Inc.); FITC-conjugated CD44 (cat. no. 203906; BioLegend, Inc.); FITC-conjugated CD45 (cat. no. 202205; BioLegend, Inc.); and phycoerythrin-conjugated CD34 (ab223930; Abcam). Briefly, the cells were incubated with corresponding antibodies for 30 min at 4°C in the dark and then washed with PBS. The expression levels of different cell surface markers were detected using FACSCalibur flow cytometer and analyzed using CellQuestPro version 5.1.1 software (BD Biosciences).

After detecting the purity, BMSCs from the second passage were used in subsequent experiments. To induce osteogenic differentiation, BMSCs were initially cultured in complete culture media as aforementioned. When the cells reached 80% confluence, osteogenic-inducing medium \[α-MEM (Cyagen Biosciences) supplemented with 10% FBS, 50 mg/ml ascorbate, 10 mM β-glycerophosphate, 100 nM dexamethasone and 1% penicillin-streptomycin\] was used. Lastly, the plates were stained with alizarin red and alkaline phosphatase at four time-points (0, 3, 7, and 14 days).

### Treatment of rat BMSCs

Rat BMSCs were seeded on a 6-well culture plate. When the culture confluence reached 80%, rat BMSCs were immediately incubated with osteogenic-inducing medium with or without SP (10 nM), or pre-treated with 3-methyladenine (3-MA, 5 mM) and rapamycin (100 nM) for 2 h.

### Western blot analysis

The samples were lysed in cell lysis buffer for western blotting and IP (Beyotime Institute of Biotechnology) supplemented with protease inhibitors (Beyotime Institute of Biotechnology), and the mixture was subjected to sonication at a low frequency (20 kHz, 50W, for 36 sec on ice). After centrifugation (at 13,500 × g for 10 min 4°C), the supernatant was harvested and the protein concentration was assessed using a bicinchoninic acid protein assay kit (Beyotime Institute of Biotechnology). Equal amounts of samples by weight (40 µg) from each sample were electrophoresed on 10--20% SDS-PAGE and transferred to nitrocellulose membranes (both from Bio-Rad Laboratories, Inc.). After blocking in 5% bovine serum albumin (Beyotime Institute of Biotechnology) for 2 h at room temperature, the membranes were incubated overnight at 4°C with primary antibodies for Runx2 (1:800; cat. no. ab76956; Abcam) and Osteocalcin (1:500; cat. no. ab13420; Abcam), LC3 (1:500; cat. no. 3868T; Cell Signaling Technology, Inc.), p62 (1:1,000; cat. no. 23214S; Cell Signaling Technology, Inc.), AMPK (1:800; cat. no. 2532S; Cell Signaling Technology, Inc.), p-AMPK (1:1,000; cat. no. 4184S; Cell Signaling Technology, Inc.), mTOR (1:800; cat. no. 2972S; Cell Signaling Technology, Inc.), p-mTOR (1:1,000; cat. no. 5536T; Cell Signaling Technology, Inc.) and GAPDH (1:1,000; cat. no. ab37168; Abcam). After rinsing with Tris-buffered saline supplemented with Tween, four times, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies goat anti-mouse and goat anti-rabbit immunoglobulin G (1:2,000; cat. no. SA00001-1 and cat. no. SA00001-2, respectively; ProteinTech Group, Inc.) for 1.5 h at room temperature. The protein bands were visualized using an ECL kit (Beyotime Institute of Biotechnology). Protein quantification was performed using Glyco Bandscan 5.0 software (ProZyme; Agilent Technologies, Inc.).

### ROS assay

The intracellular total ROS levels were assessed by 2′,7′-dichlorofluorescin diacetate (DCFH-DA; Beyotime Institute of Biotechnology) staining, which can be rapidly oxidized to a highly fluorescent compound. The samples were stained with 10 µM DCFH-DA at 37°C for 20 min, evaluated using FACSCalibur flow cytometer and analyzed using CellQuestPro version 5.1.1 software (BD Biosciences).

### Alkaline phosphatase staining

To observe the osteogenic differentiation, the levels of alkaline phosphatase were examined by BCIP/NBT Alkaline Phosphatase Color Development Kit (Beyotime Institute of Biotechnology). The plates were washed twice with PBS and fixed at room temperature with 4% paraformaldehyde for 5 min. The plates were then washed three times with ddH~2~O, stained at room temperature with BCIP/NBT working solution for 30 min, washed three times with ddH~2~O, and visualized using a fluorescence microscope (Olympus IX73; Olympus Corporation).

### Alizarin Red staining

The mineralization of osteogenic induction was detected by Alizarin red staining. The plates were washed twice with PBS and fixed at room temperature with 4% formaldehyde for 10 min. The plates were then washed gently three times with ddH~2~O, stained at room temperature with 1% Alizarin Red (Sigma Aldrich) for 10 min, and visualized using a fluorescence microscope (Olympus IX73; Olympus Corporation).

### Statistical analysis

Data were analyzed using SPSS software, version 17.0 (SPSS, Inc.) and are reported as the mean ± standard deviation of at least three independent experiments. The differences between two groups were analyzed using a Student\'s t-test and comparisons among multiple groups were performed using one-way analysis of variance followed by Tukey\'s post hoc test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Identification and characterization of rat BMSCs

The BMSCs at second passage, were a homogenous population and exhibited a spindle-shaped morphology. Furthermore, BMSC phenotypes were identified using flow cytometric analysis. The cells were positive for typical BMSC markers CD29 (96.4%) and CD44 (89.7%), with concomitant absence of CD34 (1.04%) and CD45 (6.79%) ([Fig. 1A](#f1-mmr-20-01-0664){ref-type="fig"}). In addition, alkaline phosphatase (ALP) staining and Alizarin red staining were performed to detect osteogenic differentiation after culture with osteogenic-inducing medium. As revealed in [Fig. 1B](#f1-mmr-20-01-0664){ref-type="fig"}, the NBT-formazan formation with BCIP/NBT working solution staining was significantly increased at 7 and 14 days, indicating the ALP activity in BMSCs. Similarly, the Alizarin Red staining results revealed that increased mineralized nodules were formed along with the prolongation of osteogenic-inducing term ([Fig. 1C](#f1-mmr-20-01-0664){ref-type="fig"}). Collectively, these data revealed the purity and osteogenic ability of rat BMSCs isolated in our present experiments.

### Autophagy has a potential role in reducing ROS production and promoting osteogenic differentiation

While excessive ROS is deleterious to cell function, moderate levels of ROS have been reported to participate in regulating BMSC differentiation fate ([@b15-mmr-20-01-0664]). It is well known that autophagy plays an important role in maintaining cellular homeostasis, including ROS generation. In the present study, we examined the roles of autophagy and ROS in regulating BMSC differentiation fate. The ROS levels were first detected during osteogenic differentiation. As anticipated, flow cytometric results revealed that osteogenic-induction significantly increased the ROS level in BMSCs ([Fig. 2A](#f2-mmr-20-01-0664){ref-type="fig"}). Next, whether osteogenic induction could induce autophagy in BMSCs was examined. LC3 II/LC3 I conversion is a well-known biomarker for indicating the formation of autophagosomes and p62 for the degradation of autolysosomes. As presented in [Fig. 2B](#f2-mmr-20-01-0664){ref-type="fig"}, the western blotting results revealed that osteogenic induction significantly promoted the LC3 II conversion from LC3 I and decreased the p62 levels, which indicated increased autophagic activity.

To further examine whether autophagy participates in regulating ROS production and the differentiation fate of BMSCs during osteogenic-induction, BMSCs were pre-treated with autophagy inhibitor 3-MA or activator rapamycin for 2 h. The results revealed that pre-treatment with 3-MA prior to osteogenic induction significantly increased ROS production in BMSCs ([Fig. 2C](#f2-mmr-20-01-0664){ref-type="fig"}) and decreased the protein levels of Runx2 and osteocalcin, which are markers of osteogenesis ([Fig. 2D](#f2-mmr-20-01-0664){ref-type="fig"}). Conversely, pre-treatment with autophagy activator rapamycin attenuated ROS production in BMSCs during osteogenic-induction ([Fig. 2E](#f2-mmr-20-01-0664){ref-type="fig"}) and further increased the protein levels of Runx2 and osteocalcin ([Fig. 2F](#f2-mmr-20-01-0664){ref-type="fig"}). These results demonstrated that autophagic activity could control the ROS level in BMSCs during osteogenic induction and promote their osteogenic differentiation.

### Substance P administration regulates ROS generation in BMSCs via autophagic activation

The neuropeptide SP has been demonstrated to have a potentially protective role in multiple tissue disorders, partially by regulating inflammatory response or ROS generation ([@b16-mmr-20-01-0664]--[@b18-mmr-20-01-0664]). In the present study, the role of autophagy in these processes was further investigated. As revealed in [Fig. 3A and B](#f3-mmr-20-01-0664){ref-type="fig"}, SP treatment significantly increased the ratio of p-AMPK/AMPK and decreased the ratio of p-mTOR/mTOR, which are classic mediators of autophagy activity ([@b19-mmr-20-01-0664]). In addition, the LC3 II/LC3 I ratio was also enhanced by SP treatment, along with p62 degradation ([Fig. 3C](#f3-mmr-20-01-0664){ref-type="fig"}). These results demonstrated that SP could induce autophagy by promoting AMPK and suppressing mTOR activation. To further investigate the role of SP and autophagy interaction in ROS production during osteogenic induction, BMSCs were pre-treated with (3-MA). As a result, the autophagic activation induced by SP treatment was effectively inhibited by 3-MA ([Fig. 3C](#f3-mmr-20-01-0664){ref-type="fig"}). Subsequently, it was observed that SP treatment had a suppressive effect on ROS generation during BMSC osteogenic induction, which could be attenuated along with autophagic inhibition ([Fig. 3D](#f3-mmr-20-01-0664){ref-type="fig"}). Collectively, these findings indicated that SP administration could regulate ROS generation during BMSC differentiation by inducing autophagic activity.

### Substance P administration promotes BMSC osteogenic differentiation via autophagic activation

The effects of SP administration on BMSC differentiation and the role of autophagy were further examined. As revealed in [Fig. 4A](#f4-mmr-20-01-0664){ref-type="fig"}, the addition of SP with osteogenic-inducing medium significantly increased the protein levels of Runx2 and osteocalcin, which were attenuated by 3-MA pre-treatment. The results of ALP and Alizarin red staining also confirmed that the enhanced osteogenic differentiation by the addition of SP was decreased by 3-MA pre-treatment, visualized by reduced formation of NBT-formazan and mineralized nodules ([Fig. 4B](#f4-mmr-20-01-0664){ref-type="fig"}).

Discussion
==========

Bone tissue engineering and therapeutic strategies, developed at the pre-clinical and clinical levels are largely limited to treat small size defects based on novel functional materials and are not capable of treating large-size and compromised defects due to innate limitations in bone inductive properties of the materials ([@b20-mmr-20-01-0664]). In view of this, biomolecule-based and cell-based strategies are being continuously evaluated ([@b3-mmr-20-01-0664]) but are also particularly difficult to translate to clinical applications due to complex mechanisms involved. The present study demonstrated that autophagy played an important role in restricting the excessive ROS generation and promoting BMSCs osteogenic differentiation. Furthermore, it was revealed that the administration of neuropeptide SP could enhance autophagic activity and subsequently promote BMSC osteogenic differentiation.

Endogenous reactive oxygen species (ROS) are produced as by-products of the mitochondrial electron transport chain, and can be greatly elevated with increase in mitochondrial respiration that is essential to meet the energy demand of differentiating cells. ROS generation is however not just a consequence of differentiation but plays a critical role in governing the fate of stem cell differentiation ([@b21-mmr-20-01-0664],[@b22-mmr-20-01-0664]). Elevated ROS in BMSCs has been reported to promote adipogenesis, and scavenging of the ROS restores the osteogenic capacity ([@b23-mmr-20-01-0664]). Notably in the present study, an apparent increase of ROS levels was observed during osteogenic-induction, which was an outcome contradictory to the results reported in a previous study ([@b24-mmr-20-01-0664]). It is considered that this difference may mainly result from the addition of dexamethasone to the osteogenesis-inducing medium ([@b25-mmr-20-01-0664],[@b26-mmr-20-01-0664]). This osteogenesis-inducing medium that could increase ROS levels, mimicked most oxidative stress microenvironments that are associated with bone-defect diseases ([@b15-mmr-20-01-0664],[@b27-mmr-20-01-0664]), which may provide a closer insight for investigating the regulatory mechanisms of BMSC differentiation. Similarly, it has been reported that the non-direct crosstalk between acute myeloid leukemia cells and BMSCs mediated by the local cytokine network could alter the global gene expression profile of BMSCs ([@b28-mmr-20-01-0664]), which indicated that the disease-specific microenvironments are worthy of more attention when tissue engineering products are developed and used for reconstructing bone defects.

Autophagy is a critical intracellular degradation system for maintaining cellular homeostasis. It has been reported that increased ROS levels stimulated autophagy that acted as a feedback control for excessive ROS production ([@b29-mmr-20-01-0664]). Similarly, in the present study, a concomitant induction of autophagic activity was observed with increased ROS levels and pharmacological activation/inhibition of autophagy could attenuate/aggravate ROS generation. Furthermore, we observed that autophagic activity was involved in the regulation of BMSC osteogenic differentiation. Considering the importance of redox status in stem cell differentiation, multiple studies have emphasized the crucial role of well-orchestrated coordination of cellular antioxidant systems ([@b22-mmr-20-01-0664],[@b30-mmr-20-01-0664],[@b31-mmr-20-01-0664]), which are not always in a favorable environment ([@b32-mmr-20-01-0664],[@b33-mmr-20-01-0664]). In the present study, it was observed that autophagy functioned well as a candidate for maintaining redox homeostasis.

Growth factors, in increasing numbers, have forayed into pre-clinical trials or clinical applications as a result of extensive investigations ([@b3-mmr-20-01-0664]). Neuropeptides are also critical for maintaining tissue homeostasis and SP has been demonstrated to have an osteogenic effect on BMSCs ([@b11-mmr-20-01-0664],[@b12-mmr-20-01-0664],[@b34-mmr-20-01-0664]), whereas few studies have reported their clinical trials or application due to the unclear working mechanisms. Previous studies have demonstrated that autophagic activity was involved in mediating the biological function of neuropeptides ([@b13-mmr-20-01-0664],[@b14-mmr-20-01-0664]). However, its role in SP function and their interaction in BMSC differentiation has remained unclear. AMPK and mTOR are two classic pathways that elicit a coordinated response to stimuli and regulation of autophagic activity ([@b19-mmr-20-01-0664]). In our present study, it was revealed that SP administration increased the protein ratio of p-AMPK/AMPK while reducing the protein ratio of p-mTOR/mTOR and activated autophagy in BMSCs. Suppression of ROS generation resulted in increased osteogenic differentiation. Furthermore, pharmacological inhibition of autophagy ameliorated the osteogenic effect of SP, indicating that SP could orchestrate autophagic activity and thereby promote BMSC osteogenic differentiation.

However, the limitations that involved the pharmacological modulation of autophagic activity cannot be neglected. Multiple chemical agents that are currently available to activate or inhibit autophagy have limited specificity for the autophagic process, including 3-MA and rapamycin ([@b35-mmr-20-01-0664]). Addressing these complex effects in cell- and disease-specific models is key to developing clinical strategies using autophagic modulators. Although the present study revealed the autophagy-activated and osteogenic effects of SP administration, more potential molecules that interact with SP and the involved mechanisms require further *in vivo* investigations in the future.

In summary, a well-regulated redox status is involved in determining BMSC differentiation fate and autophagic activity is essential for maintaining redox homeostasis. Additionally, it was observed that SP administration promotes autophagic activity by regulating the AMPK and mTOR pathways and further enhances the osteogenic differentiation of BMSCs. Thus, we not only propose the application of SP in bone tissue engineering and other therapeutic strategies for bone-damaging diseases, but also postulate a potential molecular mechanism by which SP imparts its beneficial effects.
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![Identification and characterization of rat BMSCs. (A) Flow cytometric results revealed high expression of CD29 (96.4%) and CD44 (89.7%) and negligible expression of CD34 (1.04%) and CD45 (6.79%). (B) Representative images of ALP staining, evaluated by NBT-formazan formation (magnification, ×40). (C) Representative images of Alizarin Red staining, evaluated by mineralized nodules (magnification, ×40). BMSCs, bone mesenchymal stem cells; ALP, alkaline phosphatase.](MMR-20-01-0664-g00){#f1-mmr-20-01-0664}

![Increased ROS generation is attenuated by autophagic activity. (A) Cellular ROS was stained by DCFH-DA and the representative peak charts of flow cytometry and quantitative analysis are shown. \*P\<0.05 vs. day 0; ^\#^P\<0.05 vs. Con. (B) Representative western blotting assay and quantitation of the LC3II/LC3I ratio and p62 protein level. \*P\<0.05 vs. day 0; ^\#^P\<0.05 vs. Con. (C and D) Autophagic inhibition by 3-MA increased ROS generation and decreased the levels of Runx2 and osteocalcin. \*P\<0.05 vs. Con; ^\#^P\<0.05 vs. OI. (E and F) Autophagic activation by rapamycin attenuated ROS generation and increased the levels of Runx2 and osteocalcin. \*P\<0.05 vs. Con; ^\#^P\<0.05 vs. OI. ROS, reactive oxygen species; Con, control group; 3-MA, 3-methyladenine; OI, osteogenic induction group.](MMR-20-01-0664-g01){#f2-mmr-20-01-0664}

![SP treatment enhances the autophagic activity and decreases the ROS levels. (A and B) The co-culture of SP with osteogenic-inducing medium increased the ratio of p-AMPK/AMPK and decreased the ratio of p-mTOR/mTOR. \*P\<0.05 vs. OI. (C) SP-induced LC3II/LC3I conversion and p62 degradation were inhibited by 3-MA pre-treatment. \*P\<0.05 vs. OI; ^\#^P\<0.05 vs. OI+SP. (D) SP-suppressed ROS generation was inhibited by 3-MA pre-treatment. \*P\<0.05 vs. OI; ^\#^P\<0.05 vs. OI + SP. SP, substance P; ROS, reactive oxygen species; OI, osteogenic induction group; 3-MA, 3-methyladenine.](MMR-20-01-0664-g02){#f3-mmr-20-01-0664}

![SP treatment promotes BMSC osteogenic differentiation via activation of autophagy. (A) The upregulated Runx2 and osteocalcin levels by SP treatment were inhibited by 3-MA pre-treatment. \*P\<0.05 vs. OI. ^\#^P\<0.05 vs. OI + SP. (B and C) SP treatment promoted the osteogenic differentiation, visualized as increased NBT-formazan and mineralized nodule formation and autophagic inhibition by 3-MA ameliorated this response (magnification, ×40). SP, substance P; BMSC, bone mesenchymal stem cell; 3-MA, 3-methyladenine; OI, osteogenic induction group.](MMR-20-01-0664-g03){#f4-mmr-20-01-0664}
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